Computational and experimental h)personic aerodynamic /orces and moments and aeroheating levels/or Kistler Aerospace Corporation's baseline orbiter vehicle at incidence are presented. Experimental data were measured in ground-based facilities at the Langley Research Center and predictions were performed using the Langley Aerothermodynamic Upwind Relaxation Algorithm code. The test parameters" were incidence (-4 to 24 degrees'), freestream Maeh nuntber (6 to 10)..9"eestream ratio of specific heats (1.2 to 1.4), and freestream Reynolds n,tmber (0.5 to 8.0 million per Jbot). The effects of these parameters on aerodynamic characteristics, as well as the effects of Reynolds number on measured heating levels are discussed Good agreement between computational and experimental aerodynamic and aeroheating values were observed over the wide range of test parameters examined. Reynolds number and ratio of specific heats were observed to significantly alter the trim L/D value. At Mach 6. laminar flow was observed along the entire windward centerline up to the.[lare for all angles and Reynolds numbers tested. Flow over the flare transitioned from laminar to transitional turbulent between 4 and 8 million per Jbot at 8 and 12 degrees angle of attack, and near 4 million per foot at 16 degrees angle of attack.
Introduction

Computational
Model and Grid
A numerical representation of the baseline OV and the symmetry plane grid is shown in Figure 1 . The numerical predictions were performed on a computational geometry that did include the engine nozzle and wake, but did not include raceways like those shown in Figure 2 . The OV is reminiscent of the Polaris re-entry stage: a flare stabilized elliptically blunted cylinder.
The inner-mold line of the full-scale baseline OV measures 611 inches in length from nose to flare end; the cylinder radius is 82.3 inches; the maximum flare radius is 132.0 inches, and the flare angle is 21 degrees. The nose radius is 165.3 inches and a 25.5-inch radius curve is used to transition from the nose to the cylinder.
A 27.9-inch radius curve fills the cylinder-flare junction. The predictions were computed on a three-block "medium" grid system. The first block covered the main body (89 streamwise x 37 circumferential x 65 points between the body and outer domain); the second covered the nozzle wake (29x37x85), and the third covered the trailing wake (21x37x101). For each solution, the outer grid domain was adapted to conform to the bow shock. Also, points in the direction normal to the surface were redistributed such that the cell Reynolds number at the wall was of order one and the grid stretching in the boundary layer was less than 1.2.
Using this criterion, LAURA has accurately predicted surface heat transfer and aerodynamics at wind tunnel and flight conditions 7' 8,9.10 Figure 2 , included the raceways, but did not include a representation of the engine nozzle.
Computational
Pictured
in Figure  3 are the baseline model, raceways, a cylinder extension, and a flare extension used for force and moment tests. The extensions were used to construct variants of the baseline configuration; -2-these variants were tested, butarenotthesubject ofthis document.On the flightvehicle, theraceways are located +30 degrees off the leeward symmetry plane.
The force and moment data presented were measured on the baseline OV model without raceways or an engine nozzle.
In the air and CF4 facilities, a stainless steel nose was mated to an aluminum body. This setup reduced conduction heating effects on the strain-gage balance.
regarding tunnel operating ranges and specifications can be found in Refs. 5 and 6.
-f ]iling Wake ,Wake Figure 6 , for CA and CN agree with the corresponding CFD values within four percent, while differences of 7-10 percent exist for Cm and L/D. Shown in Figure 7 is data at the Mach 6 CF4 condition.
The percentage agreement is similar to that observed for the Mach 10 data. In general, predicted and measured coefficient values of CN and CA are within four percent, and Cm and L/D are within 10 percent.
Good agreement between computed and measured aerodynamic coefficients is observed.
This good agreement, which exists at incidence with significant three-dimensional effects and over a wide range in flow conditions, demonstrates the ability of the CFD tool to reproduce data at varied wind tunnel conditions and augments the credibility of LAURA to predict aerodynamic data at flight conditions.
Angle of attack effects
With increased incidence, factors such as flow asymmetry between the windward and leeward surfaces, changes in separation and reattachment points, and the movement of the bow shock relative to the vehicle surface, affect aerodynamics by altering surface pressure distributions.
In addition, as the flow is processed through the flare shock, pressure levels on the flare are elevated in a non-linear manner. 
Mach number effects
Just as differences in shock layer properties induced by high temperature chemistry can affect the aerodynamic character of a vehicle traveling at hypervelocities, differences in shock layer properties induced by changes in Mach number under perfect gas conditions can also affect aerodynamic character. Shock standoff and shock angle are a function of the conditions across the shock and variations in standoff or angle can alter surface pressure.
In Figure  1 The lower values of 7 associated with reacting gas air affect aerodynamics by producing higher compressions and lower expansions in pressure relative to those produced by perfect gas air. Because of this, it is especially critical to quantify this behavior when the vehicle has a compression or expansion surface _-4. Beyond 20 degrees, the change in Cm character exhibited in CFo is a result of the shock-shock interaction.
Due to the higher density ratio in CFa, the shock detachment distance is less than that for air; therefore, the influence of the expansion fan on the flare occurs at lower angle of attack. Differences in shock structure are discussed in the next section.
The variation in aerodynamic coefficients between air and CF4 arise from _' induced pressure differences.
These pressure differences are small on the nose and cylinder and are significant on the flare. consequently, knowing the influence of 3', or any variable, on the trim angle is critical with respect to L/D and aerothermal issues. Based on the data in Figure 12 , not accounting for high temperature chemistry would result in an over prediction in trim angle of attack. Inaccuracy in trim angle would affect the guidance and control algorithms and the split line layout for the TPS. Also shown is a considerable over prediction in L/D at trim, which would affect cross-range estimates.
Flow visualization
The schlieren images shown in Figure 13 convey the OV bow and flare shock locations in Mach 6 air at a 2 million per foot Reynolds number condition at 0, 10, and 20 degrees angle of attack. shock structureencountered during Earth entry. Figure 13 is the outline of the OV, the location of the bow and flare shock, and the bow-shock flare-shock intersection at the highest angle of attack. On the cylinder, the computed heating values at Mach 6 are higher than measured values (see Figure 14 (a)); however, good quantitative agreement is well within the stated uncertainty of the measured data. On the flare, the computed data at 10 degrees are bound by the experimental data at 8 and 12 degrees and good agreement is within the uncertainty of the measured data. At 15 degrees, computed data over the first half of the flare is in qualitative agreement with measured data at 16 degrees; like the data at 10 degrees, good agreement is within the uncertainty of the measured data. Over the last half of the flare, heating trends with Reynolds number at 16 degrees that are presented in Figure 15 Like the Mach 6 data at 10 degrees, the Mach 10 data at 10 degrees are also bound by the experimental data at 8 and 12 degrees. Figure 15(a) ), the flow over the flare remains laminar up to 4 million per foot, and appears transitional/turbulent at 8 million per foot. The measured aeroheating data on the flare at 12 degrees (see Figure 15 (b)) varies with Reynolds number, but the trend is not indicative of transitional/turbulent flow since the heating levels do not increase with Reynolds number. However, measured heating levels were near those for laminar CFD predictions.
Evident in
Approximately half way down the flare, the 16-degree aeroheating data at 4 million per foot (see Figure 15 (c)) rapidly increase compared with values at lower Reynolds numbers.
Phosphor images displayed as a function of Reynolds number are shown in Figure 16 . A localized increase in heating is visible on the aft end of the flare at the 4 million per foot condition.
The onset of smooth body transition is believed to be responsible for the increase and schlieren images (see Figure 17 ) confirm the bowshock flare-shock interaction is not responsible. For aerodynamic coefficients and aeroheating levels, good agreement was observed between measured and computed values.
This good agreement, which exists over a wide range in incidence (-4 to 24 degrees), Mach number (6 to 10), Reynolds number (0.5 to 4.0 million per foot), and ratio of specific heats ( 1.2 to 1.4) , demonstrates the ability of the CFD tool to reproduce data at varied wind tunnel conditions and augments the credibility of LAURA to predict aerodynamic data and aeroheating data at flight conditions. A non-linear behavior with incidence was observed in the measured aerodynamic data and was examined with CFD. It was determined from computational data thattheflowover the flare was responsible for the nonlinear behavior; furthermore, the computational data showed that the contributions to aerodynamic coefficients derived from the flow over the nose and cylinder were linear versus incidence. At small angles of attack, the aerodynamic characteristics of the OV were primarily driven by pressure over the nose and cylinder.
Near of 10 degrees angle of attack, the influence from the flare on aerodynamic characteristics was noticeable; beyond this angle, aerodynamic characteristics were primarily driven by pressure over the flare. I,,_,l,,h,l,,_, Ca) Axial force coefficient 
